The coenzyme Q (ubiquinone) concentrations of a number of tissues have been determined over the life span of the male laboratory rat. Coenzyme Q increased between 2 and 18 months and decreased significantly at 25 months in the heart and kidney, and the gastrocnemius, oblique and deep aspect (red) vastus lateralis muscles. The coenzyme Q concentration of liver increased over the life span, while it remained relatively constant in brain, lung, and the superficial aspect (white) of the vastus lateralis muscle. Data are also included for organ weights and protein contents of tissues over the life span. The various roles of coenzyme Q in cellular electron transfer and its regulation, energy conservation in oxidative phosphorylation, and its clinical efficacy in diseases of energy metabolism are discussed. It is hypothesized that coenzyme Q serves as a free radical quencher in the mitochondrion, a major site of free radical formation, in addition to its other roles in cellular energy metabolism, and that its cellular diminution may contribute to the loss of cellular function accompanying ageing.
efficiency of oxidative phospholylation in mitochondria from aged rats [3] . For example, it has been demonstrated that the ability of cardiac and skeletal muscle to catalyze the beta-oxidation of fatty acids is diminished in the aged rat [4] [5] [6] . The concentrations of skeletal muscle myoglobin [7] , flavin [6] , carnitine [5] and myocardial cytochromes [8] [9] [10] also decreased with age.
Despite its role as an obligatory member of the mitochondrial electron transfer chain [11] , its regulation of succinate dehydrogenase [12] [13] [14] [15] , NADH dehydrogenase [16, 17] and cytochrome b-c1 complex [18] [19] [20] activities, and its participation in energy conservation in the protonmotive Q cycle [21] [22] [23] , coenzyme Q* has received limited attention with respect to the ageing process [33, 34] . Because of these central roles in energy metabolism, we have determined the concentration of coenzyme Q in various tissues of the rat over its life span. The wet weights and protein contents of the tissues studied also are reported as these parameters were obtained for coenzyme Q reference values.
MATERIALS AND METHODS

Materials
Materials used were crystalline bovine serum albumin, TES and coenzyme Qto from Sigma Chemical Company, and sodium borohydride from Ventron Chemical Company. All other reagents were of analytical grade.
Animals
All animals used were male Sprague-Dawley rats designated Crh COBStR)cD(R)(sD), obtained from Charles River Breeding Laboratories. Rats in the 9-, 18-and 25-month-old groups were obtained as retired breeders at 8-10 months of age. The rats were housed singly in the Animal Care Facility of the Division of Biological Sciences in a room segregated from other species on a 12 h light/dark cycle. All animals received Purina Laboratory Rat Chow and water ad libidum. In our colony of ageing rats, approximately 85% survive to 25 months of age. Animals which showed pathology or unexplained, severe weight loss were excluded from participation in these experiments in order to distinguish between effects of ageing and disease.
*We prefer the trivial term coenzyme Q to ubiquinone as a more accurate descriptor of 2,3-dimethoxy-5-methyl-6-multiprenyl-l,4-benzoquinone for the following reasons: (i) The term ubiquinone implies that the compound is ubiquitous [24] . It is not present in a numbe~ of organisms [25] including gram positive bacteria [26] and some fungi [27] . It is also not present in the methanogenic bacteria [28] ;
(ii) A coenzymic function for this benzoquinone, originally suggested by Green [29] , has recently received considerable experimental support [30] [31] [32] by the isolation of mitochondrial coenzyme Q apoproteins or binding proteins; and (iii) The objection to the use of the term coenzyme Q on the basis that it may be confused by students of biochemistry with a coenzyme of Q-enzyme [25] is no longer valid since this term for amylo (1,4-1,6)-transglycolase is no longer used in modern texts of biochemistry. A survey of recent textbooks of biochemistry indicates that the designation coenzyme Q is preferred.
Preparation of homogenates
Animals were anaesthetized with sodium pentobarbital (40 mg/kg, i.p.), tissues removed and placed immediately in ice-cold isotonic medium [35] containing 50 mM TES, I00 mM KC1, 0.5 mM MgSO4, 1 mM K • PO4, at pH 7.5, or distilled water, according to their subsequent use. Respiratory movements ceased upon removal of the heart after which remaining tissues were removed rapidly. The tissues were rinsed until free of blood, blotted dry, freed of superficial connective tissue and fat, and then weighed to -+ 1 mg. Tissues selected for analyses were heart (ventricles), liver, kidney, brain, lung, and gastrocnemius, soleus, internal + external oblique, and vastus lateralis muscles. The vastus lateralis muscles were separated into red deep region type IIA (DVL) and white superficial region type liB (SVL) portions and the two analyzed separately. Tissues were analyzed immediately or stored frozen.
Immediately prior to analysis, a volume of cold deionized glass distilled water was added equal to 5 (heart and soleus muscle) or 2 (all other tissues) times the wet weight of the tissue. The tissue was minced and then homogenized for between 90 and 120 sec with a Willem's Ultra-Turrax homogenizer (Model BEW, Janke and Kunkel, AB) operated at 60% of maximum speed. This procedure also removed the bulk of connective tissue.
Assays
Tissue protein concentrations were determined in triplicate by a biuret procedure [36] developed for analysis of fatty tissues from aged animals. Crystalline bovine serum albumin, used as standard, was prepared and standardized according to Kaziro et al. [37] . Tissue coenzyme Q concentrations were analyzed in triplicate by the procedure of Kr6ger [38] with minor modifications. A molar extinction coefficient of 12.2 mM -1 • cm -1 for oxidized minus reduced absorbancy at 275 nm was employed.
Statistical analysis
Data were analyzed by univariate one-way analysis of variance (ANOVA)using the Michigan Interactive Data Analysis System (MIDAS) developed by the staff of the Statistical Research Laboratory of The University of Michigan. Conservative post hoc Scheffe pairwise contrasts were then used to compare the groups.
RESULTS
The body weights of the animals used in this study are shown in Fig. 1 . This strain (Sprague-Dawley) of laboratory rat continues to gain weight until about 18 months after which weight accrues at a lower rate. The weight attainment of the 25-month-old rats shown in Fig. 1 is in agreement with previously published values from this laboratory [6, 7] .
The wet weights of the intact tissues and organs used in this study over the life span are listed in Table I . The weights of the heart, liver, brain and gastrocnemius and soleus muscles increased between 2 and 18 months and then decreased slightly while the kidneys and lung continue to gain mass in old age. The continual increase in the weight of the lung in aged animals is consistent with an accumulation of elastin with age [39] . The group differences with respect to independent variables were highly significant for all of the organs measured (Table I) .
BODY WEIGHT VS AGE, MALE S-D RATS
The protein contents of the organs and intact muscles from 2 to 25 months are reported in Table II . With the exception of the brain in which protein content remained constant after 2 months of age, the protein content of the remainder of the tissues followed the pattern of changes in wet weight (Table I) . This is reflected in the group differences significance values reported in Table II .
The coenzyme Q concentrations of tissues, calculated on a basis of tissue wet weight and including tissues for which samples instead of the entire tissue were taken, appear in Table Ill . Cardiac ventricular tissue, kidney, and gastrocnemius, deep vastus lateralis and soleus muscles all showed coenzyme Q concentration increases to 18 months followed by dramatic declines in these tissues from aged animals. Lung and brain coenzyme Q, referred to tissue wet weight, remained relatively constant throughout the life span.
Tissue and organ coenzyme Q concentrations calculated on a protein basis over the life span are reported in Table IV . Coenzyme Q concentration increased in cardiac and kidney tissues and gastrocnemius, oblique and deep vastus lateralis muscles to 18 months, followed by a decline in the aged, 25-month-old rat. The coenzyme Q concentrations of the several tissues reflect their general oxidative capacities with cardiac tissue highest and the lung and white muscles (oblique, superficial vastus lateralis) lowest [40] .
The changes in coenzyme Q content of hearts are compared to changes in heart weight from 2 to 25 months of age in Fig. 2 . The loss of coenzyme Q between 18 and 25 months as compared to heart weight is substantial and statistically significant (P < 0.001). The decreases in coenzyme Q in the heart between 18 and 25 months is greater than at any other period of the life of these animals. DISCUSSION An appreciation of the importance of quinones in biological energy transfer systems has become evident since the isolation of Kbfler's quinone (plastoquinone) [41] and the isolation of coenzyme Q and the discovery of its essential role in the mitochondrial electron transfer chain [ 11] . The physico-chemical properties and membrane functions of coenzyme Q currently are the subjects of intense study [42, 43] . Manipulations of the intact animal which affect changes in overall respiratory metabolism are reflected in paral. lel changes in tissue coenzyme Q concentrations [44, 45] . In addition, it has been shown that coenzyme Q and cytochrome c concentrations increase significantly in cardiac, gastrocnemius and deep aspect (red) vastus lateralis muscles as a result of forced treadmill endurance training [40] . Such information on coenzyme Q, together with reports that oxidoreductases and transferases, enzymes of energy metabolism, decline in activity with age [46] , suggests that similar changes might occur in tissue coenzyme Q levels. As the data in Table III and IV indicate, coenzyme Q concentrations of several tissues are influenced significantly by the ageing process.
Cardiac tissue contains the highest tissue concentration of coenzyme Q until the rat reaches 25 months. In the aged rat, the concentration of coenzyme Q in liver, which continues to increase over the life span, surpasses that of the heart. The coenzyme Q concentration of the heart shows a significant decline in the transition from middle age (18 months) to the aged (25 months) animal. This dramatic decline in coenzyme Q in the aged heart is illustrated in Fig. 2 in which the changes in heart weight and coenzyme Q content of the whole heart are compared over the life span of the rat. A decease in heart coenzyme Q with age has also been reported by Pignatti etal. [33] . The data in Tables III   and 1V also show a similar age-related pattern of coenzyme Q concentration changes in the other high oxidative tissues sensitive to oxygen deprivation such as kidney, and the red or mixed oxidative muscles, the gastrocnemius, deep aspect vastus lateralis and soleus. As we have reported previously [34, 40, 44, 45] , brain coenzyme Q tends to remain constant under a variety of environmental conditions, including ageing (Tables III and IV) . We cannot explain the high coenzyme Q level in the brain of the 2-month-old rat reported in Table III . This is not seen when coenzyme Q concentration is calculated on a mg protein basis.
The changes in coenzyme Q reported herein which are of inherent interest to the field of ageing research, take on additional significance in view of clinical research in the human. Based on the finding that 97% of injected coenzyme Qto is transferred intact to the inner membrane of heart mitochondria in rats [47] , coenzyme Q has been employed effectively in the therapy of a large number of conditions such as congestive heart failure, ischemic kidney and brain disease, endotoxin shock, side effects of antineoplastic agents, and other states which qualify for the category of diseases of energy metabolism [cf. [48] [49] [50] . With respect to the aged animal, Bliznakov [51 ] has reported that the administration of coenzyme Q restores the humoral, hemolytic, primary immune response in aged mice and thereby increases the rate of survival. It should be noted that coenzyme Q concentrations in these aged mice were not determined;instead, coenzyme Q deficiency was inferred from decreased rates of reduction of 2,6-dichlorophenol indophenol by succinate catalyzed by homogenates of thymus tissue [51] [52] [53] . It is not clear that this assay is specific for coenzyme Q concentration in aged animals in whom flavin, a succinate dehydrogenase prosthetic group, also declines in concentration [6] . Coenzyme Q is under investigation as a therapeutic agent in the treatment of human senile dementias of the Alzheimer's type [54] .
The tissue coenzyme Q concentration changes reported herein may have relevance to two of the current theories of cellular aging, the "Free Radical Theory" [55] and the "Membrane Hypothesis" [56] as well as to the concepts on the key role of mitochondria in ageing [57, 58] . The concentration of coenzyme Q in the mammalian inner mitochondrial membrane exceeds that of all other intramembrane components of the electron transfer chain; the ratio of coenzyme Q to cytochrome cl is 19 [59] . It has been suggested that coenzyme Q may serve as a potent antioxidant of lipid peroxidation and superoxide radical formation in addition to its roles in the regulation of complexes I, II and IIi, as an electron transfer chain component, and its protonmotive function [40, 60, 61] . The electron transfer chain is a major source of free radicals [62] [63] [64] , and there is a possibility that coenzyme Q may serve as a free radical quencher. Thus, the high concentrations of coenzyme Q in the inner mitochondrial membrane may have been selected during molecular evolution as a free radical quencher, in addition to its several other functions, at the site of free radical formation [61 ] . This would also help to explain the seemingly large molar excess of coenzyme Q to other electron transfer components. However, it has been suggested that coenzyme Q serves as a source of free radical pathology during ischemic episodes [65] and that the coenzyme Q semiquinone may give rise to the superoxide radical O~ via autooxidation [66] . Cutler [67] has identified coenzyme Q as having "longevity determining potential".
An alteration in the concentration of coenzyme Q in the inner mitochondrial membrane, whether due to pathology or ageing, would be expected to result in a kinetic alteration of the functional capacity of that membrane specifically and cell function in general. For example, Vorbeck et al. [68] have reported changes in lipid structural order parameter in hepatic mitochondria with ageing. Such changes in the structure ofmitochondrial membranes and its control of coenzyme Q could affect the ionic balance of cellular compartments and thus bear on the "Membrane Hypothesis" of ageing [56] .
Finally, it should be noted that rats of 25 months trained in endurance exercise have muscle myoglobin [7] , flavin, and mitochondrial concentrations, as well as oxidative enzyme capacities [6] , equivalent to that of sedentary rats less than one third their age. In addition, rats maintained on a daily swimming regimen from 6 months to 24 months did not show the decline in enzymes of energy metabolism [69] typical of aged sedentary animals. Reports have also appeared suggesting an increase of longevity in animals [70, 71] , including humans [72, 73] , as a result of exercise. Consequently, the appropriateness of the sedentary control animal in ageing research must be questioned. In the use of animal models, as in the present study, the rats are individually confined to a small box with food available ad libidum and no opportunity to express an apparently natural tendency to exercise [40, 71, 74] . In such studies, including the present one, consideration might be given to the strong possibility that declines in enzymes and chemical components of respiratory metabolism correlated with ageing are premature and not a normal part of the ageing process in the free.living animal until a short period prior to death. This strongly implies that the "ageing curve" of the active animal is more rectilinear than that of the sedentary animal.
